Establishing slow-growing turfgrasses has been proposed to reduce mowing requirements. Traditional recommendations for home lawns are to mow by the "one-third rule" and return grass clippings. However, their impact on annual mowing requirements remains largely unknown. This study aimed to determine (i) the number of required mowing events when mowing weekly versus using the one-third rule; (ii) the influence of returning grass clippings on mowing requirements, dry matter yield (DMY), and leaf tissue N (LTN); and (iii) how turfgrasses with differing growth rates influence mowing requirements, DMY, and LTN. The one-third rule decreased mowing requirements by 31% (approximately eight mowing events yr ). Growth rate (i.e., cultivar) also affected annual mowing requirements and yield: the faster the growth rate, the more annual mowing events. Leaf tissue N concentrations were higher when clippings were returned and with slower-growing cultivars. Mowing by the one-third rule and selecting slower-growing cultivars of turfgrass species adapted to a particular location can reduce annual mowing requirements and subsequent mower emissions.
one-third rule of thumb by Madison (1971) . Beard (1973) and Christians (2011) both cite Crider (1955) in saying that no more than 30 to 40% of the leaf area should be removed in a single mowing. Despite university extension recommendations to follow the one-third rule (Reicher et al., 2006; Patton and Boyd, 2007) , many homeowners and lawn services mow on a schedule rather than as needed. In addition to plant health, mowing frequency impacts energetics and greenhouse gas emissions. As most residential lawn mowers are gasoline-powered (Davis and Truett, 2004) , mowing more frequently results in a higher energy requirement, greater emissions, increased labor, and increased financial cost.
The turfgrass plant itself affects mowing frequency as well. Poorter and Remkes (1990) reported differences in the relative growth rate of different turfgrass species. Varietal selection is also important, as Wilhelm and Nelson (1978) revealed that high-yielding tall fescue (TF) genotypes display greater leaf elongation rates than low-yielding genotypes. As a result, turfgrass selection is an important consideration when attempting to reduce the mowing requirements of a turf sward. This is especially true when mowing frequency is based on growth rate, as it is with the one-third rule. Regrowth following mowing also impacts the mowing frequency of a turf sward because the faster plants are able to regrow, the more often they will need to be mown. Turfgrass regrowth is correlated to not only the residual leaf area after mowing but also the carbohydrate food reserves in the remaining verdure, with carbohydrate reserves being influential in stimulating regrowth for up to 25 d following defoliation (Ward and Blaser, 1961) .
Grass clippings management is another important and often overlooked aspect of mowing. At one time, the practice of returning grass clippings was thought to contribute to thatch accumulation and, as a result, clippings were routinely collected. Moreover, grass clippings can be collected to prevent the unsightly clumps of clippings when wet and/or long turf is mown. Previous estimates in the 1990s were that up to 15 to 20% of residential waste may be composed of grass clippings during periods of active growth (Graper and Munk, 1994) . However, this number has since decreased. In 2012, yard trimmings, which include tree litter in addition to grass clippings, made up an estimated 8.7% of the municipal solid waste in the United States after recycling and composting had occurred (USEPA, 2014) .
A decrease in landfilled grass clippings and increase in clippings being returned to turf swards has occurred for a multitude of reasons. Twenty-five states have banned yard trimmings from landfills (Van Haaren et al., 2010) . Concerns over thatch production due to returning grass clippings have since been dismissed (Beard, 1976; Haley et al., 1985; Johnson et al., 1987) due to the rapid decomposition of grass clippings (Kopp and Guillard, 2004) . In fact, there are numerous documented benefits of returning grass clippings. Heckman et al. (2000) returned grass clippings to a Kentucky bluegrass (KBG) lawn with a mulching mower and found that returning clippings improved the color of turfgrass compared with removing clippings; they also observed reducing the N fertilization by half did not decrease turfgrass color when clippings were returned. A response from N induced by returning grass clippings has even been observed in as few as 14 d (Beard, 1976) . Other researchers have noted increases in N use efficiency (Kopp and Guillard, 2002) , N uptake (Starr and DeRoo, 1981) , and overall dry matter yield (Kopp and Guillard, 2002; Bigelow et al., 2005) as the benefits of returning grass clippings. Returning grass clippings to a turfgrass system over an extended period of time (>25 yr) has been modeled to reduce N requirements by 50% through the accumulation of soil organic N over time (Qian et al., 2003) .
Two turfgrass species commonly used in cool-season home lawns are KBG and TF. Kentucky bluegrass was considered to be the principal lawn grass of Indiana in the 1920s (Deam, 1929) and is currently the most widely used cool-season turfgrass in the United States (Christians, 2011) . Though it is known that KBG leaf blades cut more cleanly and have higher mowing quality than tougherbladed grasses such as TF (Christians, 2011) , the growth habit and close-mowing tolerance can vary within either species (Beard, 1973) . Tall fescue is a heat-and droughttolerant species that is popular for lawns in the transitional climatic zone; the selection of TF as the dominant lawn species rivals that of KBG in this region (Samples et al., 2009) .
The objectives of this research were to determine: (i) the number of required mowing events when mowing weekly versus using the one-third rule, (ii) the influence of returning grass clippings on mowing requirements, DMY, and LTN; and (iii) if turfgrass species and cultivars with differing growth rates influence mowing requirements, DMY, and LTN. . Tall fescue and KBG were selected for this study because of their popularity as lawn grasses in Indiana and other temperate and transitional climates of the world. Cultivars were selected for this experiment based on their growth rates in preliminary industry trials (Rose-Fricker et al., 2010) and their similar turf quality and stress locations within each split-plot using a TurfChek II grass height gauge (Turf-Tec International, Tallahassee, FL) weekly for the weekly-mown plots and daily for the plots mown by the onethird rule; if two of three measurements were at or above the target mowing height, it was mown that day. Mowing began on 20 Mar. in 2012 and 4 Apr. in 2013 and had ceased by 30 Oct. in 2012 and 8 Nov. in 2013.
MATERIALS AND METHODS
To measure DMY, grass clippings from the weekly-mown plots with clippings removed were collected, kept at 60°C until a constant weight was achieved, and weighed for each mowing event. Because of an unusually early spring green-up in 2012, the experimental area was mown twice before the first clippings collection that year (i.e., the first clippings collection occurred on 3 Apr. 2012). Clippings were also collected, dried, and weighed from the weekly-mown plots, with clippings returned on two occasions in 2012 (31 July and 18 Sept.) and three in 2013 (28 May, 30 July, and 16 Sept.) to compare the DMY and LTN concentrations between grass clippings management strategies. After being weighed, the clippings collected on those dates from both grass clippings management strategies were ground and analyzed for LTN using a FlashEA 1112 Elemental Analyzer (Thermo Fisher Scientific, Waltham, MA), which is based on the flash dynamic combustion method.
Turfgrass quality and color were visually rated each month of the growing season according to the National Turfgrass Evaluation Program's recommendations (Morris and Shearman, 2006) . Turfgrass quality was rated on a 1 to 9 scale, with 1 being dead, ³6 being considered acceptable, and 9 being ideal grass (i.e., optimum color, density, and uniformity). Color was evaluated on a 1 to 9 scale, with 1 being straw brown and 9 being dark green. Furthermore, digital images of each plot were taken with an Olympus C-3030 camera (Olympus America Inc., Melville, NY) and analyzed with SigmaScan software (Systat Software, Inc., San Jose, CA) to quantify the turfgrass dark green color index (DGCI) according to methods established by Karcher and Richardson (2005) .
All data were analyzed using PROC GLIMMIX in SAS software (SAS Institute, Cary, NC). Means were separated using Tukey's honest significant difference test ( = 0.05). The full model, including all interactions, was run for the number of mowing events and turfgrass quality, using species, growth rate, mowing frequency, and grass clippings management as main effects. A partial model, including the interaction, was run for cumulative DMY of the weekly-mown plots with clippings collected using species and growth rate as main effects. Lastly, tolerance in previous field trials (i.e., the National Turfgrass Evaluation Program; data not shown) in West Lafayette, IN.
The experimental area was irrigated to prevent wilt. Pests (i.e., weeds, diseases, and insects) were controlled via pesticides and/or mechanical removal to maintain plot uniformity. Plots were fertilized as per Purdue University Extension's recommendations for a moderate maintenance cool-season lawn with regular supplemental irrigation (Bigelow et al., 2013) . The experiment was a 2 × 3 × 2 × 2 factorial design with two species (TF and KBG), three cultivars (slow, moderate, and fast growth rates), two mowing frequencies (weekly and one-third rule), and two grass clippings management treatments (collected and returned). The experimental design was a split-plot with four complete blocks. Whole plots of species and cultivar were 6 by 4 m in size and randomized within blocks. Mowing frequency and grass clippings collection treatments were split-plots randomized within whole plots. A total of four mowing regimes were implemented, which made up split-plots that were 6 by 1 m in size. Two separate mowing frequencies were selected based on either (i) typical homeowner mowing practices with weekly mowing or (ii) the one-third rule using daily measurements to determine the appropriate mowing date. Additionally, for each of the described two mowing regimes, grass clippings were either (i) removed with a rear bagging attachment, or (ii) returned using a recycling mower deck. All mowing events were recorded for each split-plot to total the number of annual mowings for each cultivar and mowing regime for both species.
Plots were mown at a height of 7 cm using a rotary mower (Troy-Bilt TriAction 53-cm wide deck walk-behind push mower, Modern Tool and Die Company, Cleveland, OH). Thus plots mown based on the one-third rule were mown when the turf reached a height of 10.5 cm. Moreover, the weekly-mown plots were only mown if the turf had grown 1.3 cm or more since the previous mowing to simulate a realistic homeowner scenario in which little growth occurred and mowing was unnecessary. Turf height was measured in three equally spaced DMY, LTN concentration, and DGCI for weekly-mown plots were analyzed using species, growth rate, grass clippings management, and their interactions as effects. A combined analysis across years was not conducted because the slow-growing cultivar of KBG had not fully established until mid-2012.
RESULTS
In this irrigated field experiment, mowing events were significant for all main effects (i.e., species, growth rate, mowing frequency, and grass clippings management) in both 2012 and 2013 (P < 0.0001; Table 2 ). Tall fescue (2012 = 26; 2013 = 24) required more annual mowing events than KBG (2012 = 17; 2013 = 21)( Table 3 ). The fastgrowing cultivars required the greatest number of annual mowing events (25 in both years), which was followed by the moderate-growing cultivars (23 in both years); the slow-growing cultivars required the fewest mowing events (2012 = 16; 2013 = 20) (Table 3) . Mowing based on the one-third rule (18 events in both years) reduced the number of mowing events compared to weekly mowing (2012 = 25; 2013 = 27) , and returning grass clippings resulted in a greater amount of mowing events (2012 = 22; 2013 = 24) versus collecting clippings (2012 = 21; 2013 = 22) (Table 3) . Twelve months was not long enough for the slowgrowing KBG cultivar to fully establish. Although coverage was complete, plants did not reach the target mowing height until 26 June 2012 following the April 2011 planting. Thus the 2012 data were skewed, especially when considering interactions. Therefore, only the 2013 treatment interactions are discussed. In 2013, all fixed effects were significant (P < 0.05), except for the species × grass clippings management and growth rate × grass clippings management interactions (P > 0.05; Table 2 ). In an evaluation of the interaction of the full model of species × growth rate × mowing frequency × grass clippings management in 2013 (P = 0.0211), the influence of mowing frequency is readily apparent. All of the weekly-mown plots, regardless of species, growth rate, or grass clippings management, except for the slow-growing KBG plots, had a greater number of mowing events (>27) than all of the plots mown by one-third rule plus the weekly-mown slow-growing KBG plots (£24; Table 3 ). The slow-growing KBG cultivar mown by the one-third rule with clippings collected had the fewest mowing events in 2013, with only 12.3 annual mowing events (Table 3) .
For the 2-yr cumulative DMY of the weekly-mown plots with clippings collected, species (P < 0.0001), growth rate (P < 0.0001), and the species × growth rate interaction (P < 0.0001) were all significant. Tall fescue (875 g m -2 ) had a greater DMY than KBG (552 g m -2 ). The fastgrowing cultivars had the greatest DMY (823 g m -2 ), followed by the moderate-growing cultivars (752 g m -2 ); the slow-growing cultivars had the lowest DMY (566 g m -2 ). For the interaction of species × growth rate, the fast-and moderate-growing TF cultivars had a greater DMY (924 and 881 g m -2 , respectively) than all of the KBG cultivars (Fig. 1) . However, the slow-growing TF cultivar (821 g m -2 ) had a similar DMY to that of the fast-growing KBG cultivar (722 g m -2 ) (Fig. 1) . The fast-growing KBG cultivar was also similar to the moderate-growing KBG cultivar (623 g m -2 ) and the slow-growing KBG cultivar had the lowest DMY (311 g m -2 ) of all treatments (Fig. 1 ). There were seasonal differences in both the number of mowing events for the one-third rule (P < 0.0001) and DMY (P < 0.0001) in both years when following the meteorological calendar (i.e., spring begins on 1 March, summer on 1 June, autumn on 1 September, and winter on 1 December; Table 4 ). Since the slow-growing KBG cultivar was not fully established by the beginning of the growing season in 2012, it did not require mowing until 26 June 2012. Thus the slow-growing KBG cultivar was dropped from the seasonal statistical analysis for 2012. Under mowing by the one-third rule, summer required the highest number of mowing events (nine in both years). In 2012, spring had the second highest number of mowing events (seven), and autumn had the fewest (four). In 2013, autumn had the second highest number of mowing events (five) and spring had the fewest (four). However, these seasonal mowing events are misleading, as the time between the first mowing and the beginning of Table   Table 2 . 2). There was also a notable species × season interaction for DMY in 2013 (P < 0.0001). Spring TF yield was the greatest (222 g m -2 ), and the autumn yields for both species were lowest (64 and 56 g m -2 for TF and KBG, respectively; Fig. 3 ). Yields for KBG in the summer and spring (157 and 156 g m -2 , respectively) and TF in the summer (144 g m -2 ) were intermediate (Fig. 3) . When the data were standardized for DMY per day, season remained significant for both years (P < 0.0001 for both years; Fig.  4) , as does the species × season interaction in 2013 (P < 0.0001; Fig. 5 ), but the differences were slightly more discernable. The greatest daily DMY was TF in the spring (3.8 g m -2 d -1
), followed by KBG in the spring (2.6 g m -2 d Table 5 ). Though mowing by the one-third rule never had a seasonal average of less than 10 d between mowing events, there were brief periods where mowing by the one-third rule resulted in more frequent mowing events than weekly mowing (data not shown). , respectively; Fig. 3 ). Returning grass clippings increased DMY by an average of 33% (data not shown) across the five dates that clippings from both of the weekly-mown plots were collected (i.e., weekly-mown plots with clippings collected and weekly-mown plots with clippings returned)(P < 0.0001 for all five dates). In addition to increasing DMY, returning grass clippings increased the LTN by 2.0, 7.0, 4.7, and 4.4% compared to when clippings were collected on 31 July 2012 (P = 0.0157) and 28 May (P < 0.0001), 30 July (P = 0.0029), and 16 Sept. (P < 0.0001) in 2013, respectively (Table 6) . Leaf tissue N concentration was also influenced by growth rate on those same four dates (P = 0.0151, 0.0014, 0.0062, and 0.0029, respectively). On all four dates, the fast-growing cultivars had one of the lowest LTN concentrations, which ranged from 0.0255 to 0.0311 g N g -1 tissue (Table 6 ). Conversely, the slow and/ or moderate growth rates had the highest LTN concentrations, which ranged from 0.0281 to 0.0340 and 0.0261 to 0.0333 g N g -1 tissue, respectively (Table 6 ). There were also significant species × growth rate interactions for LTN concentration on 30 July 2013 (P = 0.0046) and 16 Sept. 2013 (P = 0.0126; data not shown). On both of those dates, the slow-and moderate-growing KBG cultivars had the highest LTN concentrations and the fastgrowing KBG cultivar had the lowest. The TF cultivars were always similar to at least one of the KBG cultivars.
----------------------------Mowing events (per plot) ----------------------------
Dark green color index was strongly influenced by the inherent genetic differences, as the species × growth rate interaction (i.e., the six cultivars) was significant on all 15 collection events (data not shown). The slow-growing KBG cultivar consistently had the highest DGCI value each month, whereas the fast-growing KBG cultivar generally had the lowest DGCI value. Kentucky bluegrass had a greater DGCI than TF in the spring (i.e., May and June 2012; April and May 2013), and the opposite was true in July and August 2013. Growth rate also influenced DGCI and was significant on all 15 collection events. The general trend was that the slow-growing cultivars had the highest DGCI values, which were followed by the moderategrowing cultivars; the fast-growing cultivars largely had the lowest DGCI. Differences for DGCI did not develop between grass clippings management practices until June 2013, but beginning in that month, DGCI was significant for five consecutive monthly collections. On all five of those dates, plots where grass clippings were returned had a greater DGCI than plots where clippings were collected. The conclusions from visual turf color and turf quality data were similar to those of DGCI (data not shown). For brevity, only DGCI is presented and discussed. 
DISCUSSION
With all main effects and many interactions being significant, it is evident that mowing requirements can be influenced by a number of factors. By selecting slow-growing turfgrasses, mowing requirements can be reduced for the life of the turf sward. However, growth rate information is often not readily available to consumers. Additionally, slowgrowing cultivars can be slower to establish and recover from injury. Future data collected from cultivar trials on growth rate would be beneficial for both the establishment of low-maintenance areas where reduced mowing is desired and high traffic areas where quick recovery is desired.
Mowing by the one-third rule is often recommended by turfgrass extension specialists (Reicher et al., 2006; Patton and Boyd, 2007) . This rule serves as a guideline to prevent unnecessary emissions and/or reduced vigor (Howieson and Christians, 2008) from mowing too often, as well as injury from not mowing enough (Crider, 1955) . In this experiment, the one-third rule reduced mowing requirements by 31% (a reduction of approximately 8 mowing events yr -1 ) compared to when turf was mown on a weekly basis; this reduction was obtained without an unacceptable reduction in turfgrass appearance. Given that an average-sized home lawn in the United States is ~800 m 2 in size (Zirkle et al., 2011) and assuming it could be mown in roughly 30 min, an average homeowner would reduce the time spent mowing their lawn by 4 h yr -1 simply by following the one-third rule instead of mowing weekly. In addition to reducing labor, a lower mowing requirement reduces fuel use and thus decreases costs and greenhouse gas emissions. Crider (1955) found that root-growth stoppage can occur when between 40 and 50% or more foliage is removed. Considering that growth rates as fast as 1.3 cm d -1 were observed during this study (personal observation), grasses mown by the one-third rule at a height of 7 cm have the potential to move from one-third removal into the potentially root-stopping 40 to 50% removal range in 1 d. Thus turfgrass managers should closely monitor turfgrass growth if they plan to mow based on a removal rule, especially during periods of active growth. Though the practice of returning grass clippings increased the number of mowing events by about two events annually, the increased LTN concentration as well as the increased soil C and N (Law, 2014) resulting from returning clippings are potential benefits that may offset these additional mowing events. Additionally, returning grass clippings saves homeowners time compared to when clippings are bagged and removed (Patton and Boyd, 2007) . As such, returning grass clippings should continue to be a recommended practice.
Our DMY values were comparable to previously published TF and KBG data from the same geographic location that received similar annual N rates (Walker et al., 2007) . Furthermore, our findings support previous research that indicates that returning grass clippings increases DMY (Kopp and Guillard, 2002; Bigelow et al., 2005; Starr and DeRoo, 1981) . Dry matter yield increases of 15 to 55% and 79 to 254% by returning grass clippings were observed by Starr and DeRoo (1981) and Kopp and Guillard (2002) , respectively. Yield increases of 27 to 45% were obtained in our study, which received approximately 25% less N fertilizer than Starr and DeRoo (1981) and Kopp and Guillard (2002) . The influence of turfgrass species and growth rate on DMY was also apparent in our study, and our data supports Taylor and Templeton's (1976) finding that TF generally produces greater DMY values than KBG. Furthermore, Wilhelm and Nelson (1978) noted greater DMY values for faster-growing TF cultivars, which was observed across all species in our experiment.
Cool-season turfgrasses are often cited to have a bimodal seasonal growth pattern that includes a strong flush of growth in spring, cessation of growth over summer, and moderate growth in autumn (Christians, 2011; Turgeon, 2008) . However, our DMY values were highest in spring, intermediate in summer, and lowest in autumn both years. It is logical that our spring DMY values were the highest, given that approximately two-thirds of TF growth is said to occur during the spring (Sleper and West, 1996) and that as much as 75% of the annual growth for KBG can occur by early June in Wisconsin (Scholl and Llambias, 1966) . However, the autumnal flush of growth was not readily apparent in our study. Reduced DMY in autumn may have been caused by a reduced daily light integral compared to spring (Table 7) , but the average seasonal daily light integral for autumn in 2013 was nearly double the minimum irradiance requirement for KBG (11.1 mol m -2 d -1
) (Cockerham et al., 2002) . Seasonal differences for yield or mowing frequency cannot be explained solely by temperature either, as autumn had higher minimum and maximum mean temperatures than spring in 2013 (Table 7) .
Dry matter yield does not account for root growth or tillering, which may be another reason why our growth measurements are not entirely consistent with the commonly accepted bimodal seasonal growth pattern of coolseason turfgrasses. Further, the cool autumn weather of late September through to November dramatically slows shoot growth and reduces the overall autumn DMY. It is during these cool autumn periods that cool-season grasses such as KBG build a carbohydrate storage reserve (Brown, 1943) rather than directing energy to leaf growth. Additionally, our experimental area was irrigated, so summer yields were likely to have been higher than a nonirrigated lawn, which may have masked the fall flush of growth typical of coolseason grasses. Growth potential and yield estimates are a current topic of interest among turfgrass scientists, as this information is critical to not only refine mowing practices but to also nutrient recommendations. As additional data plots (0.0290 g N g -1 tissue), we can estimate that collecting grass clippings removed 20.7 g N m -2 over the 2-yr period. This value is equal to 104 kg N ha -1 yr -1
, which was approximately 73% of the N applied annually in this experiment. Thus grass clippings management plays a significant role in N cycling in turfgrass systems. To reduce N fertilization requirements, turfgrass managers should return grass clippings when mowing.
The results of this study highlight the importance of turfgrass selection (i.e., species and cultivar), mowing frequency, and grass clippings management for annual mowing requirements. This research also provides specific management practices that homeowners and professional turfgrass managers can use to reduce their mowing requirements, namely mowing by the one-third rule and selecting slow-growing cultivars of the turfgrass species best adapted to their location. Furthermore, our field research data from various species, cultivars, and mowing regimes could be adapted for use in modeling C budgets and turfgrass growth potential. To assist future modeling efforts, our mowing and yield data are publicly available for use (Law and Patton, 2015) .
are collected from different environments under additional management regimes, models can be refined.
Increased LTN concentration as a result of returning grass clippings has already been reported by Kopp and Guillard (2002) , but the effect of returning grass clippings on LTN concentration was more consistent in our study (80 vs. 20% of collections) than it was for Kopp and Guillard (2002) . The improvements in turfgrass color (i.e., DGCI) resulting from returning grass clippings seen in this study agree with Heckman et al. (2000) . However, it took much longer than 3 mo in our experiment to detect the differences Heckman et al. (2000) reported. The influence of growth rate on DGCI may be a result of LTN concentration, as the slower-growing cultivars tended to have greater LTN concentrations. The greater LTN concentrations in slower-growing cultivars may be a result of their reduced growth/yield, differences in N use efficiency, or both.
By multiplying the average 2-yr cumulative DMY of all species and cultivars for the weekly-mown plots with clippings collected (714 g m -2 ) by the average LTN concentration across the five collection dates for the same 
